field photo-identification surveys were conducted to explore the social organization and distribution patterns of a threatened Indo-Pacific humpback dolphin (Sousa chinensis) population in Xiamen Bay, China. Out of 58 photo-identified dolphins, 56 dolphins that were sighted at least 2 times were used for social structure analysis. The association pattern among individuals was divided into 2 discrete communities with strong geographic adherence: 27 dolphins assigned to an eastern community (EC) and 29 dolphins assigned to a western community (WC). Among the WC individuals, 9 dolphins formed mixed groups with EC individuals at Tongan Bay and the mouth of Tongan Bay, leading to low-level intercommunity association. The 50% kernel density estimate and minimum convex polygon of each community were calculated, with the core habitats presented here differing substantially from those reported in previous studies. We propose that the geographical segregation of these 2 communities and the apparent shift in core habitats could be the result of adaptation by dolphins to local environmental conditions, notably intensive anthropogenic activities.
Social network analysis, developed in the physical sciences and extensively applied to human social systems, is a powerful analytical tool that describes relationship patterns, individual levels of connectivity, and group structure within a population (Boccaletti et al. 2006) . The recent application of network theory to the study of nonhuman social behavior has greatly facilitated our understanding of how ecological, social, and population-level factors influence association patterns (Croft et al. 2005; Flack et al. 2006; Wolf et al. 2007 ). Among cetaceans, bottlenose dolphins (Tursiops truncatus) have been the focus of extensive sociobiological research (review in Connor et al. 2000) . However, there is a dearth of sociobiological data on estuarine species such as those belonging to the genera Sotalia and Sousa (Dungan 2011) . Estuarine cetacean species are of particular importance for conservation research, as many populations show geographic proximity to areas with high human density; thus they are likely to be exposed to severe anthropogenic threats. Investigation into the sociobiology of this vulnerable group of cetaceans may therefore not only provide opportunities to study responses to anthropogenic disturbance, but can also inform conservation and management initiatives. For example, specific individuals with important social roles in a certain population may have a disproportionate influence on network structure and may therefore require increased management attention (Lusseau 2007) .
The Indo-Pacific humpback dolphin (Sousa chinensis) occurs in the eastern Indian and West Pacific Oceans, with related Sousa species occurring more widely throughout the Indo-West Pacific and eastern Atlantic regions (Jefferson et al. 1993; Jefferson and Karzmarski 2001; Mendez et al. 2013; Jefferson and Rosenbaum 2014) . In Chinese waters, humpback dolphins occur in Xiamen Bay, Pearl River Delta (including Hong Kong and the western Pearl River Estuary), Leizhou Bay, along the Guangxi coastal waters, and the western Taiwan coast (Wang 1965; Parsons 1998; Huang and Liu 2000; Jefferson and Hung 2004; Zhou et al. 2007; Chen et al. 2008; Xu et al. 2012) . In China, the species was listed as a Grade I National Key Protected Animal in 1988 and on the Chinese Red List of Endangered and Threatened Wildlife and Plants in 1994.
The Xiamen Bay is located in the estuary of the Jiulong River in the south of Fujian Province, China. Based on field surveys conducted in the mid-1990s and in 2004, humpback dolphin abundance was estimated to be 60-79 individuals (Huang and Liu 2000; Chen et al. 2008) . It was assumed that the humpback dolphins in Xiamen Bay have a high probability to be geographically isolated from adjacent populations occurring along the western Taiwan coast and Pearl River Estuary (Jefferson and Hung 2004; Wang et al. 2004 Wang et al. , 2008 . However, cross-region photo-identification matching is still needed to make robust conclusions. Humpback dolphins in Xiamen Bay are considered threatened primarily because of their low numbers and intensive threats from human activities (Huang and Liu 2000; Chen et al. 2009 Chen et al. , 2011 . As most dolphin occurrence came from Tongan Bay and Western Harbour, which led to these regions being designated as the 2 core areas of the Xiamen National Nature Reserve for the Indo-Pacific humpback dolphin (Huang and Liu 2000) .
In Xiamen Bay, humpback dolphins are frequently observed in small groups, with a mean of 4-5 individuals, sometimes groups comprise more than 10 individuals (Huang and Liu 2000; Chen et al. 2008) . They have been considered to have a fluid social structure, with frequent changes in the pairings of dolphins, and with dolphin groups often fusing and splitting over periods of less than an hour to several hours (Huang and Liu 2000) . The Xiamen Bay, based on its heterogeneous habitat features, can be divided into the eastern waters (including Tongan Bay, the Dadeng-Xiaodeng region, and Weitou Bay), which comprise mainly shallow flats with a sandy substrate and some areas used as marine aquaculture zones, and the western waters (including Western Harbour and Jiulong River Estuary), which are dominated by estuarine processes (turbid, freshwater outflow from the Jiulong River) and harbor areas with busy shipping activity (Fig. 1) . The spatial distribution patterns of humpback dolphins in Xiamen Bay are worthy of further discussion as ecological constraints are one of the key drivers of sociality in gregarious animals (Wiszniewski et al. 2009 ). Chen et al. (2011) reported 2 social clusters of 21 identified humpback dolphins in Xiamen Bay. However, these 21 identified individuals constituted only a small proportion (< 30%) of the entire population, thus preventing wider inferences regarding regional dolphin population structure or behavior. No further data about the social structure or spatial distribution, and in particular core habitat use or impacts from anthropogenic activities, are available for this threatened population, although such data are essential for conservation and management.
This study examined the social interaction structures within the humpback dolphins in Xiamen Bay. Further, we explored individual associations, distribution patterns, intercommunity exchange, and core habitat use for dolphin communities, by using recently developed network techniques coupled with photo-identification, a noninvasive tool frequently used to collect field data for studying the social structure of cetaceans (Würsig and Würsig 1977; Würsig and Jefferson 1990) . Results of our study may provide further novel insights for conservation and management of this small and threatened humpback dolphin population.
Materials and Methods
Study site and field data collection.-From August 2010 to December 2013, photo-identification surveys of humpback dolphins were carried out to cover the entire Xiamen Bay area, including all waters around Xiamen and part of the adjacent waters of Zhangzhou (Fujian) and Kinmen (Taiwan; Fig. 1 ). All parts of the study area received approximately equal coverage throughout the study period. Daily surveys were conducted at a speed of 10-15 knots in calm waters (Beaufort scale ≤ 3) and good light conditions. Survey routes ( Fig. 1) were standardized and used throughout the study to preclude any heterogeneous sampling of survey areas. Observations were made from an upper deck of a vessel that was c. 3.5 m above the water, on a 13-m wooden vessel powered with a 50 horsepower inboard motor.
Once a dolphin or a group of dolphins was encountered, individual(s) were then followed for further observation and photography. A "group" was defined as a spatial aggregation of dolphins moving in the same direction and usually involved in similar activities (travelling, feeding, etc.) . A group could interact with other individuals, but over timescales sufficiently short that there were few or no changes in group membership (reviewed in Baird and Dill 1996; Whitehead and Dufault 1999) . In order to minimize any potential disturbances to dolphin behavior from the survey vessel, we typically approached the dolphins from the side at a speed of < 5 knots and slowed down to approach animals when the vessel was within 100 m. Photographs of the dolphins were taken by one trained observer using a Canon camera (EOS 1D Mark IV, Tokyo, Japan) fitted with a 100-400 mm lens. During tracking of individuals, we attempted to take photos of both sides of each dolphin. In general, dolphins were followed for as long as possible until we confirmed that all individuals in a certain group had been well photographed. Following activities were terminated when visual contact with the dolphins was lost, or when weather, daylight, or fuel considerations warranted termination. For each group, the time, GPS location, water depth, group size, and environmental information were recorded (field methods following Slooten et al. 1993; Jefferson 2000) . The geographical position of each group was registered by using a handheld GPS (Garmin, Kansas City, Kansas).
Individual photo-identification.-The quality of each photographic image was first assessed independently for clarity of markings on individual dolphins, and each image was assigned a quality grade between 1 and 100 (see Friday et al. 2000 for more details). Only photographs that ranked ≥ 80 were filtered as suitable quality for further identification. Identification of each individual was then conducted, based primarily on the pattern of notches, scars, scratches, pigments, and speckles on and/or around the dorsal fin. Newborn humpback dolphins are usually dark gray, and body color becomes lighter with age until animals are pinkish-white, sometimes with blue-gray spots (Jefferson 2000) . This ontogenetic color variation is useful for age evaluation as well as individual identification, and dolphins were first assigned into 6 age categories (unspotted calf, unspotted juvenile, mottled subadult, speckled subadult, spotted adult, and unspotted adult) described in Jefferson and Leatherwood (1997) and Jefferson (2000) . Each identifiable dolphin was then compared with other individuals in the same age category based on distinctive acquired and congenital characteristics of the dorsal fin and the saddle patch (a lightly pigmented area at the base of the dorsal fin, similar to the killer whale saddle patch- Baird and Stacey 1988) . If no match was made within the same age category, other categories were assessed. A dolphin was given a new alphanumeric identification (ID) number (e.g., XM01, XM02, etc.) and added to the appropriate age category if it could not be matched to any of the dolphins within the 6 available categories. All of these analyses were processed using the professional photo-identification software Discovery 1.2 (Gailey and Karczmarski 2012) .
All photographs of identified individuals were saved in a Xiamen photo-ID database of humpback dolphins managed at the Third Institute of Oceanography, State Oceanic Administration. Every sighting record for each identified dolphin is associated with information on ID number, date and time, GPS location, age category, and specific observed behavior(s), which formed the basis for subsequent association analysis; however, unspotted calves/juveniles were not incorporated into analysis as they had no long-term distinctive marks that would permit subsequent identification.
Associations and network analysis.-Associations were based on group membership, with individuals considered to be associated if they were photographed within the same group. This represents the most appropriate means of defining association in most cetacean studies, as animals within groups typically coordinate their movements, and underwater behavioral interactions between individuals can only rarely be observed (Gowans et al. 2001) . We used the half-weight index (HWI, with a range of possible values between 0 and 1), which has been commonly used in studies of cetacean sociobiology to quantify the strength of associations among identifiable individuals (Cairns and Schwager 1987) . This index is considered appropriate because photographic identification studies are likely to underestimate the number of joint sightings (Smolker et al. 1992; Slooten et al. 1993) . If a dolphin was sighted twice on the same day, the 2nd sighting (including all members of the 2nd sighting) was excluded from the analysis in order to ensure independence of sampling and minimize autocorrelation between sightings.
HWI was calculated and a dendrogram of associations was generated using the SOCPROG 2.4, a program developed to analyze the social structure of animal communities (Whitehead 2009 ). Community (such as A, B, …) is defined here as a set of individuals that are behaviorally discrete from neighboring dolphins, and where most associations occur between community members (Whitehead 2008a) . The social structure of the Xiamen Bay humpback dolphins was graphically represented for the entire study period using a hierarchical cluster analysis (average linkage method) of the HWI matrices. The accuracy of associations was quantified by the correlation coefficient, r (see details in Whitehead 2008b; Dungan et al. 2012) . The dolphins that were sighted only once in the entire survey history were excluded and those identified with at least 2 sightings were included in the social network analyses, which contributed to a good representative of true social structure (r = 0.807). Community structure was subsequently defined by the association index at which modularity was maximized. The HWInull = nassociate/[N − 1], relating to the average association index if an individual associated at random in the population, was also calculated; where nassociate was the average group size in which individual was found, and N was the population size (Whitehead 1995; Lusseau et al. 2006 ). Here, we used the number of the abundance estimate (N = 79) in Chen et al. (2008) . Sexes were not segregated as underwater visibility was generally poor in the study area owing to high sediment levels, making it impossible to conduct any underwater observation to distinguish males from females.
Distribution pattern and kernel range.-Dolphin groups were categorized as belonging to A, B, or mixed groups (see below) based on the network assignment of each individual. A and B groups consisted of only A or B, dolphins respectively, while the mixed groups contained both A and B individuals. The GPS position of each group sighting was plotted on a digitized chart to determine the distribution of each community. The polygons outlining 50% kernel density estimate (KDE) and minimum convex polygon (MCP) of each community were generated from position records of the sightings of each community by using the animal movement analyst extension (Hooge and Eichenlaub 1997) in ArcView GIS 3.3 (ESRI 1996) , and using a smoothing factor calculated using a cross-validation procedure for the least squares (Seaman et al. 1999; Parra 2006) . Any landmass within the kernel range was subtracted from the final range estimate.
Results
Sixty-three field surveys were conducted in Xiamen Bay from August 2010 to December 2013, with 1 survey on average every 4 days. Overall, 143 groups of dolphins were well followed and photographed. Group size varied from 1 to 16 individuals, with an average group size of 5.6 ± 3.4 (SD) individuals (n = 143). The frequency distribution of group size was skewed toward smaller groups, with most groups consisting of fewer than 10 individuals (Fig. 2) . During the study period, 58 dolphins were photographically identified (Fig. 3) . Most of these identified dolphins were sighted on more than one occasion, with a sighting range between 1 and 34 occasions, and most were re-sighted more than 10 times (Fig. 4) . Fifty-six identified dolphins with at least 2 sightings were used for following analyses.
Average-lineage cluster analysis divided the Xiamen Bay humpback dolphin population into 2 socially associated communities: A and B; each community spent more time together than all individuals did on average (Fig. 5) . The cophenetic correlation coefficient was 0.82593, which represents a reliable dendrogram. Twenty-seven individuals (XM07, XM09-11, XM13-14, XM16, XM18, XM28, XM30, XM32-37, XM46, XM52-57, XM59, XM61-62, and XM65) were clustered into the A-community, and 29 individuals (XM01-02, XM06, XM08, XM12, XM15, XM17, XM19-27, XM29, XM31, XM38-43, XM45, XM47-48, and XM50-51) were clustered into the B-community (Fig. 5 ). There were not extremely strong stable associations seen among individuals, but instead with most associations of low to moderate level (Fig. 5) . Association between the 2 communities was extremely low (HWI = 0.019), which was lower than the HWInull = 0.072.
For the 143 groups of dolphins sighted, network assignment allocated 58 groups (40.6% out of 143) into the A-community, 68 groups (47.6% out of 143) into the B-community, and 17 groups (11.8% out of 143) into a mixed community (Fig. 6 ). The MCP of the A-community had an area of 311.2 km 2 and involved all the eastern waters of Xiamen Bay. The 50% KDE of the A-community was primarily located in the DadengXiaodeng region and had an area of 69.8 km 2 (Fig. 6) . For the B-community, the MCP had an area of 216.7 km 2 and was mainly restricted to the western waters of Xiamen Bay. The 50% KDE included the Western Harbour, Jiulong River Estuary, and Wuyu region, with areas of 34.4 km 2 , 16.1 km 2 , and 9.8 km 2 , respectively (Fig. 6) . Furthermore, 9 individuals in the B-community (XM01-02, XM12, XM15, XM17, XM19, XM39, XM41, and XM43) were also found to associate with individuals from the A-community in eastern waters (Fig. 6) . Mixed groups were mainly encountered in Tongan Bay and the mouth of Tongan Bay (Fig. 6) , with an MCP of 78.6 km 2 . Although the 50% kernel ranges of groups from the A-and B-communities were discrete, their MCPs and 95% kernel ranges overlapped considerably at Tongan Bay and the mouth of Tongan Bay, where associations between the 2 communities occurred most frequently (isopleths not shown).
Discussion
Our results reveal that the humpback dolphins in Xiamen Bay are behaviorally divided into 2 geographically separated, but socially associated communities. The A-community inhabits only the eastern waters of Xiamen Bay, the eastern community (EC) hereafter, while the B-community utilized mainly the western waters of Xiamen Bay, the western community (WC) hereafter. Spatial community segregation with specific habitat preferences have also been reported for bottlenose dolphins in the northwestern Mediterranean Sea (Gnone et al. 2011 ) and in Port Stephens of southeastern Australia (Wiszniewski et al. 2009 ). Factors such as habitat productivity and predation risk are considered to be the primary selection pressures responsible for fine-scale differences in the social organization of bottlenose dolphins (Connor et al. 2000; Gowans et al. 2008) and other species with fission-fusion social systems (Boinski 1999; Wittemyer et al. 2005; Sundaresan et al. 2007 ). The observed spatial segregation between EC and WC humpback dolphins in Xiamen Bay may correspond to local adaptation to varying environmental conditions. The eastern waters of Xiamen Bay consist mainly of shallow flats with a sandy substrate and considerable areas used as marine aquaculture zones, whereas the deeper western waters also have high productivity but are instead dominated by estuarine processes.
In addition, human activities may represent other important factors separating the EC and WC dolphins. The Gaoji seawall was built to the north of Xiamen Island in 1955, and 3 other bridges (Xiamen, Jimei, and Xinglin) (Fig. 1) have also been built in this region during the last 25 years. As a result, movement of individuals between eastern and western waters to the north of Xiamen Island has been impossible for the last 60 years, which consequently restricts intercommunity movement to some extent across the bay. Other factors such as nearby coastal development and land reclamation may also contribute to the formation of the 2 socially associated communities. The actual mechanism may be integrative rather than single-factored; further investigations, especially in reference to chronological biological and environmental data, are needed to address this issue.
Although the humpback dolphins in Xiamen Bay are behaviorally and statistically divided into 2 distinct communities, a low level of intercommunity interaction was still observed. The EC dolphins showed conservative ranging behavior and were apparently restricted to eastern waters, while 9 WC individuals were detected in eastern waters (Tongan Bay and the mouth of Tongan Bay) to form 17 mixed groups with EC dolphins over the survey period, indicating that community interactions and genetic interchange can occur between the EC and WC. The Tongan Bay and the mouth of Tongan Bay are important for intercommunity social interaction. These 9 WC dolphins functionally act as a link between the 2 communities and might have a disproportionate effect on community connection if they were lost. Due to the barrier now posed by the Gaoji seawall to the north of Xiamen Island, the Xiamen-Lessor Quemoy Strait in the southeast is the only existing corridor for intercommunity dispersal. Indeed, travelling behavior has been observed 7 times in dolphins in this strait during the field surveys, supporting that it constitutes an important corridor for intercommunity dispersal.
During the 1990s, most humpback dolphin occurrence came from Tongan Bay and Western Harbour (Huang and Liu 2000) , which led to these regions being designated as the 2 core areas of the Xiamen National Nature Reserve of Indo-Pacific humpback dolphins. However, research in 2004 showed that the Jiulong River Estuary was also used frequently by humpback dolphins (Chen et al. 2008) . In contrast, the present study shows that while the Western Harbour, Jiulong River Estuary, and Wuyu are included within the 50% KDE of the WC, the Dadeng-Xiaodeng region is included within the 50% KDE of the EC (Fig. 6) . These kernel habitats have not previously been associated with separate dolphin social communities. The apparent geographical shift in the core habitat of dolphins in Xiamen Bay is unexpected and may be associated with substantial variations in anthropogenic activities in the bay during the past 2 decades. For example, since 2006, over 150 yachts and numerous marine construction projects have appeared in Tongan Bay, factors that might impose high, novel pressures on selection of habitat use for humpback dolphins.
Previous considerations for conservation management of humpback dolphins in Xiamen Bay have interpreted the population as a single management unit (Huang and Liu 2000; Chen et al. 2008 Chen et al. , 2009 ). Our findings reveal that they should still be treated as one unit but with a certain risk of fragmentation. A continuity of intercommunity interaction should be preserved and protected as much as possible. Otherwise, the current population might be fragmented into 2 smaller parts which may accelerate the path of local extinction. Although the 50% kernel ranges of the 2 communities are statistically distinguishable, the overall extent of occurrence (MCPs) of the 2 communities are not mutually exclusive and mixed-community groups occur in Tongan Bay and the mouth of Tongan Bay. Based on our results, we recommend that: 1) the Dadeng-Xiaodeng region constitutes an important management region for the EC; 2) the Western Harbour, Jiulong River Estuary, and Wuyu region constitutes an important management region for the WC; 3) Tongan Bay and the mouth of Tongan Bay constitute an important management region for intercommunity association; and 4) the XiamenLessor Quemoy Strait constitutes an important management corridor for the intercommunity movement. Besides, humpback dolphins in Xiamen Bay do not inhabit Xiamen waters exclusively but are also known to utilize adjacent waters around Zhangzhou and Kinmen. Thus, cross-region collaborations among Xiamen, Zhangzhou, and Kinmen municipal and county governments are imperative for the conservation of this small and threatened humpback dolphin population.
